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ABSTRACT 
In contrast to earlier satellites with SAR instruments, 
the ENVISAT and ALOS platforms provide state 
vectors and timing with higher relative and absolute 
accuracy, allowing the ASAR and PALSAR sensors to 
directly support accurate tiepoint-free geolocation of 
their imagery. This enables not only direct map 
overlays with other sources, but also normalisation for 
the systematic influence of terrain variations on 
individual image radiometry.  Such normalisation is 
necessary to reduce dependency on single-track repeat 
passes for change-detection and interpretation. 
We first describe our verifications of the geometric 
behaviour of PALSAR products using available 
products with surveyed corner reflector targets present 
in reference images.  We model and evaluate the path 
delays induced by the troposphere and ionosphere on 
reference imagery, and compare Faraday rotation 
estimates produced using fully polarimetric PLR 
imagery with values derived from GNSS-network 
measurements. In the latter estimate, the total electron 
content (TEC) of the ionosphere at the time of the 
PALSAR acquisition is combined with a model of the 
Earth's magnetic field to estimate the Faraday rotation 
induced by the ionosphere along the line of sight from 
the satellite to each point on the ground. 
Given accurate knowledge of the acquisition geometry 
of a SAR image from one of the above sensors together 
with a digital elevation model (DEM) of the area 
imaged, radiometric image simulation is applied to 
estimate the local illuminated area for each point in the 
image.  Rather than a typical ellipsoid-based 
approximation that ignores topographic variation, 
terrain-based radiometric image simulation is used as 
the basis for converting from 0 to 0 or 0 backscatter 
normalisation conventions. 
The interpretability of PALSAR imagery with and 
without ellipsoid- vs. terrain-based normalisations is 
compared and evaluated. 
1 INTRODUCTION 
The wide variety of SAR imaging sensors, modes, and 
product types provides a striking diversity of 
capabilities.  Every product received by a user was 
originally designed trading off parameters such as 
resolution against swath width, number of polarisations, 
downlink capacity, etc.  Allowing seamless inter-
comparison of SAR images from differing sensors, 
modes, and product types requires both rigorous 
geometric and radiometric calibration. Radar image 
simulation allows rigorous normalisation of the radar 
backscatter for the local illuminated area.  In the 
absence of such knowledge, the conversion from 0 to 
0 is performed assuming that the local incidence angle 
is determined by a nominal ellipsoid geometry [11].  
We show that more detailed accounting for the local 
illuminated area allows improved retrieval of the 
thematic information that is desired, i.e. the radar 
backscatter coefficient. 
2 GEOMETRIC CALIBRATION 
Successful geolocation requires accurate knowledge of 
the acquisition geometry.  The range and azimuth 
sample spacing are both generally well-known; in 
addition, one requires the near-range “sampling 
window start time” and the azimuth start time in the 
time annotation system chosen (e.g. Zero-Doppler or 
Doppler centroid), and in the case of ground range 
products, the slant/ground range polynomial 
coefficients. 
2.1 Atmospheric Path Delay Models 
We subdivide atmospheric path delay contributions 
into ionospheric and tropospheric components, as: 
 , 
where iono  and hydro,wet,liq denote components that 
model the ionosphere and troposphere respectively. 
The hydrostatic component hydro  refers to a standard 
atmosphere (in hydrostatic equilibrium), while the wet 
component wet accounts for the water vapour.  The 
component liq takes the liquid water content (clouds, 
droplets) along the signal path into account.  The 
mapping function MF =1 cos  is used here to convert 
vertical path-delays into the appropriate slant direction, 
dependent on the nominal incidence angle  . 
Comparisons of other possible mapping functions for 
the ionosphere are explored in [6].  The one-way 
ionospheric nadir path delay is estimated [8] using:  
iono =
40.28 VTEC
f 2
 ,  
where f is the radar frequency and VTEC the vertical 
total electron content. Measurements from the GNSS 
networks provide multiple VTEC maps per day, and 
may be downloaded in a standardized format from the 
Internet [1]. 
The vertical (nadir direction) hydrostatic component in 
the troposphere can be derived from [4] as: 
hydro = 77.6 106 
Rd
gm
 Ps  ,  
where  is the gas constant, gmthe local acceleration 
due to gravity and Ps the surface pressure. A 
straightforward model for estimating the wet path 
delay contribution is: 
wet = 0.0122 + 0.00943  es , 
based on the correlation between the surface water 
vapour pressure es and the wet path delay [9]. The 
path delay caused by the liquid water content along the 
signal path is neglected.  
2.2 Faraday Rotation 
Electromagnetic waves propagating through the 
ionosphere experience a polarisation rotation of the 
electric field vector and a signal path delay that 
depends on the number of free electrons Ne , the carrier 
frequency f and the strength of the magnetic field 
parallel to the propagation direction of the wave within 
the ionized layer. Knowing the TEC and the magnetic 
field along the ray path, the resulting polarization 
rotation for a satellite – Earth – satellite path can be 
estimated as: 
 =
2.365 104
c2
 2  B  N
e
0
h
 dh

2.365 104
f 2
VTEC 
1
cos 
 B
  , 
where B  is the mean parallel magnetic field within 
the ionized layer, and  the radar wavelength.  
The magnetic field component was derived from the 
IGRF10 model [10].  Of the many methods available 
for the estimating FR using quad-pol data [2], [4], [18], 
we chose the robust Bickel and Bates approach that 
evaluates the phase difference between the left-right 
and right-left circular polarisations [2]: 
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to estimate FR angles from SAR data. Available ALOS 
PALSAR scenes over Zurich were used to test the 
TEC-based FR model with the estimates retrieved 
directly from the SAR data [7]. The results are 
compared in Table 1.  The TEC dynamic range is 
lower than usual (near solar minimum).  Both 
approaches agree to within a few degrees. 
 
Table 1 Modelled vs. Measured Faraday Rotation – 
Zürich PALSAR PLR Data 
Date 
VTEC 
[TECU] 
FR from 
GPS+ 
IGRF 
FR from 
PLR 
data 
FR 
2006.05.30 15.40 10.63° 14.21° 3.58° 
2006.06.06 18.84 14.13° 17.77° 3.64° 
2006.07.15 6.70 6.97° 5.05° -1.92° 
2006.07.22 12.83 8.92° 9.55° 0.63° 
2006.08.30 8.53 6.03° 3.51° -2.52° 
2006.09.06 12.48 8.83° 8.98° 0.15° 
2006.10.15 5.16 3.66° 0.13° -3.53° 
2006.11.30 6.82 4.83° 3.32° -1.51° 
 
2.3 Corner Reflector Validation 
We deployed large corner reflectors on the grounds of 
the Dübendorf airport outside Zürich oriented to the 
ALOS satellite’s ascending and descending pass 
directions.  All available acquisitions of the reflectors 
in the ESA catalogue were ordered as SLC products.   
 
 
1
2
9
 x
 1
2
9
 
4
3
 x
 4
3
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Figure 1 Zürich PALSAR Corner Reflectors: Predicted (blue cross) vs. measured positions in FBS SLC products 
(HH pol.) – Range increases from left-to-right, azimuth time from top to bottom. 
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Figure 2 Differences between FBS image position 
predictions and measurements - 
Dübendorf PALSAR Corner Reflector 
Scatterplot for products processed in 
2008 (red: ascending, blue: descending) 
In the case of JAXA’s CEOS level 1.1 (SLC) 
PALSAR products, the data is generally presented in a 
(non-Zero-Doppler) annotation with typically two to 
four polynomial coefficients describing a Doppler 
trend in the slant range dimension.  Since ALOS 
employs yaw steering, the variation is generally small, 
usually captured well with two coefficients (linear 
model).  
Table 2 Measured Atmospheric Parameters 
Date   [°] VTEC 
[TECU] 
Ps 
[hPa] 
es 
[hPa] 
2006.06.09 38.85 10.62 971.0 10.0 
2006.06.13 39.40 13.71 971.8 14.9 
2006.07.25 39.00 8.98 965.1 15.3 
2006.08.16 47.46 8.01 954.8 16.2 
2006.09.09 38.77 6.39 971.5 14.0 
2006.09.13 39.45 14.45 966.1 16.4 
2006.10.29 39.43 13.29 971.3 14.3 
 
Table 3 Estimated Path delays and Faraday Rotation 
angles from model and measurements 
Date 
FR slant from 
GPS + IGRF [°] 
PD iono 
[m] 
PD tropo 
[m] 
2006.06.09 4.23 3.41 2.97 
2006.06.13 5.51 4.43 3.05 
2006.07.25 3.59 2.89 3.02 
2006.08.16 3.70 2.96 3.45 
2006.09.09 2.55 2.05 3.01 
2006.09.13 5.81 4.67 3.06 
2006.10.29 5.35 4.30 3.05 
 
The position of the reflector in each image was 
predicted using the product timing annotations, state 
vectors, annotated Doppler polynomial model, and 
each corner reflector’s DGPS-surveyed coordinates.  
The predicted image locations are marked with blue 
crosses in Figure 1.  All products were annotated with 
ALOS precise quality state vectors.  The slant range 
prediction appears accurate to within a single sample; 
in azimuth the prediction appears to be systematically 
slightly early.   
Table 4 Comparison of Slant Range from 
Atmospheric Model vs. Corner Reflector 
Measurements – Dübendorf, Switzerland 
 
Date 
Slant Range  
Timing Prediction-
Measurement [m] 
Modelled PD 
Iono+Tropo 
[m] 
2006.06.09 5.72 5.28 
2006.07.25 6.51 5.37 
2006.08.16 5.81 5.78 P
ro
c.
 
2
0
0
6
 
Mean 6.01 5.48 
    
2006.06.09 2.67 5.28 
2006.06.13 2.44 5.41 
2006.07.25 3.47 5.37 
2006.09.09 3.51 5.36 
2006.09.13 1.50 5.42 
2006.10.29 1.31 5.40 P
ro
ce
ss
ed
 2
0
0
8
 
Mean 2.48 5.37 
 
The slant range and azimuth differences between 
predicted and measured CR positions are summarised 
in Figure 2.  Note the accurate range prediction, and 
significant consistent azimuth shift.  An effect of 
similar scale seen in ASAR data [14] is known to be 
caused by a deterministic “bistatic shift” caused by 
sensor azimuth motion between send and receive 
times.  Once the annotation convention is known, the 
effect is easily applied during geolocation [14].  
Unfortunately, a lack of incidence angle diversity in 
the data set blocks confirmation of the effect being the 
cause of the azimuth shifts observed.  For the set of 
FBS data available over the Zürich test site, Table 2 
shows the model’s required input measurements for 
each dataset; Table 3 lists the resulting FR and path 
delay estimates, broken down into contributions from 
the ionosphere and troposphere.  
Finally, in Table 4, the slant range predictions (N.B. 
made in the absence of any atmospheric modelling) 
are compared quantitatively to the measured CR 
positions, and the modelled atmospheric path delays.  
Note the larger slant range shift in older PALSAR 
products (processed in late 2006) compared to newer 
output from the same processor.  Based on the limited 
amount of data available, it appears that a basic 
(perhaps mean) atmospheric signal propagation shift 
may have been added to the processor (possibly as a 
SWST shift).  Users requiring highly accurate 
geolocation should be aware of the processor 
behaviour when combining products of mixed 
processor heritage.  
3 RADIOMETRIC TERRAIN CORRECTION 
Variable terrain height within a SAR image causes 
both geometric and radiometric distortions within 
most slant or ground range image products.  Although 
solutions for the correction of the geometric 
distortions are widely available in SAR software 
packages, robust correction of the radiometric 
distortions caused by terrain is typically either ignored 
or treated with simplistic solutions.  In this section, we 
describe robust corrections that can be applied and 
compare results with the more widespread GTC 
output standard. 
3.1 Calibrated Backscatter Retrieval 
Unlike many other radar sensors that follow a beta 
nought standard, the JAXA SAR processor outputs 
images using a sigma nought convention.  The 
calibrated radar backscatter (sigma nought 
convention) measured by PALSAR is retrieved as  
 ,  
where the squares of SLC product’s digital numbers 
(DN) are directly proportional to sigma nought, as 
documented in [11].  If images in one of the two other 
backscatter conventions (beta nought or gamma) are 
preferred instead, they must first be derived as: 
 i, j0 =
DNi, j
2
K  sini, j
 
or 
 i, j0 =
DNi, j
2
K  cosi, j
 
respectively, where   is the “nominal” incidence 
angle as calculated using a simple ellipsoid model or 
using annotations provided within the PALSAR 
product.  Calculating the beta nought values as 
described above retrieves the radar backscatter values 
actually observed by the radar before processor-
induced ellipsoid-model nominal area values were 
applied to produce sigma nought estimations. 
 
3.2 Radar Image Simulation 
The radar equation models the received power Pr  in 
relation to the power of the transmitted pulse Pt  [17]: 
Pr =

(4 )3
 PtG
2 0
R4
dA
Area
  
where Pr  is the radar wavelength, G  the two-way 
antenna gain, R  the slant range, and  0  the 
backscatter coefficient (sigma nought convention).  If 
one for the moment ignores all effects but the 
integration over area (they can be modelled in a first 
approximation externally), then presuming a constant 
backscatter coefficient, the integration over area may 
be performed by traversing a DEM covering the 
acquired area, and at each grid point projecting the 
local illuminated area of each facet into slant range 
geometry [15][16].  The area integration produces a 
map of local illuminated area Ai, j  for each range & 
azimuth image coordinate (i,j).   
Examples of actual and simulated PALSAR FBS 
amplitude images are shown in Figure 3(a): measured 
beta nought on the left, modelled local illuminated 
area on the right.  The high geometric accuracy of the 
PALSAR annotations ensures that the two images co-
register extremely well – they are overlaid in Figure 
3(b).  The temporary assumption made during DEM 
traversal of constant backscatter is now reversed - the 
actual local
 
backscatter coefficient T (gamma 
convention) is retrieved, as: 
 i, jT =
 i, j0
Ai, j
  , 
where we introduce T to describe gamma backscatter 
as estimated via terrain correction, and distinguish it 
from 0 estimated using a nominal ellipsoid model as 
is done nearly universally in the SAR literature.  The 
image simulation enables more rigorous derivation of 
radar backscatter  from 0  by normalising for the 
actual local illuminated area instead of using a 
simplified ellipsoid-model-based approximation. 
 
  
(a) 
“Real” PALSAR FBS Image Simulated Image 
 
(b) 
Overlay of real and simulated PALSAR FBS images 
 
Figure 3 PALSAR FBS Real and Simulated Images 
of Interlaken, Switzerland – 2008.04.17 
3.3 Area Normalisation 
To compare the outcome of conventional geocoded 
terrain corrected (GTC) image output with their 
radiometric terrain corrected counterparts, examples 
of each are displayed alongside in the following.  The 
top row of Figure 4 shows a GTC image, in the row 
below, the backscatter values were normalised by the 
local illuminated area before geocoding (an “RTC” 
product). 
 
(a) GTC 
 
(b) RTC 
Figure 4 Comparison of GTC vs. RTC Products —
Zürich, Switzerland PALSAR FBS HH 
2006.10.29D 
Note how terrain effects in the Zürich Oberland at the 
bottom right are prevalent in the GTC, but not in the 
RTC.  Similarly, significant influence of terrain on the 
GTC backscatter values is visible at the Uetliberg 
mountain to the immediate west of Lake Zürich, and 
to the north of the city of Schaffhausen.  Note that the 
same effects cannot be distinguished in the RTC 
image – the thematic land cover information 
(forest/non-forest) predominates instead. The same dB 
dynamic range was applied in both examples. 
A much more extreme example of topography-
induced effects is shown in Figure 5.  For an area 
south of Interlaken in the Swiss Bernese Oberland, 
three different PALSAR images acquired from 
differing tracks (two ascending, one descending) are 
overlaid.  The mountains imaged here are among the 
highest in the Alps. Note how the topography-induced 
signal dominates the GTC overlay in (a), impairing 
interpretation of any other possible source of 
differences in backscatter. In (b), the RTC overlay 
shows much reduced topographic signature, although 
some residual effects remain, possibly caused by non-
Lambertian scattering behaviour not modelled by the 
image simulation.   Future enhancements to the 
normalisation process might encompass such effects. 
 
 
(a) GTC 
 
(b) RTC 
Figure 5 Comparison of GTC vs. RTC Products —
Bernese Oberland, Switzerland PALSAR 
FBS – R=2006.10.29D, G=2007.02.11A, 
B=2007.02.28A 
A more detailed comparison of geocoded products 
with and without radiometric normalisation is 
presented in Figure 6.  The Uetliberg mountain, 500m 
higher than Lake Zürich to its immediate east 
dominates the backscatter signature in the GTC 
product shown in (a), but is “flattened” in the RTC 
image displayed in (b).  Similarly, the river valley in 
the NE corner dominates local backscatter in the GTC, 
but disappears in the RTC.  One form of geometry-
induced backscatter behaviour that remains in the 
RTC is the relative local street orientation – it differs 
significantly between ascending and descending 
geometries, and is seen to determine backscatter levels 
within parts of the city of Zürich, situated immediately 
north of the tip of Lake Zürich.  Likewise, the 
shoreline (and many streets) in the settled areas on 
Schaffhausen
Uetliberg 
Zürich Oberland 
both sides of Lake Zürich are seen to broadly align 
with the azimuth geometry of the one descending 
image – HH backscatter is observed to be higher in 
that image than in the two ascending cases. 
Although such effects are not modelled in the 
normalisation process, thematic land cover 
differentiation is nevertheless clearer within the RTC 
product than the conventionally generated GTC image. 
4 CONCLUSIONS 
The increasing number of SAR image sources and 
modes continually increases the importance of high 
quality geometric localisation and radiometric 
calibration to enable meaningful inter-comparisons. 
Corner reflector validation tests showed that, as with 
the ESA ASAR sensor, the JAXA PALSAR data 
provides a high geometric accuracy.  The cause of an 
observed relatively small constant azimuth shift 
remains unresolved. 
Overlaying information from ascending and 
descending passes is polluted by topographic 
influences if GTC images are used – systematic 
distortions caused by the differing geometries are 
much reduced when RTC images are used as input 
instead. 
High local radiometric accuracy is best achieved by 
normalising for local illuminated area.  It was 
demonstrated that interpretation of multi-track 
PALSAR inter-comparisons benefit when 
normalisations are applied beforehand, enabling 
improved retrieval of thematic information and 
geophysical variables. 
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Figure 6 Zürich, Switzerland:  Radiometric Terrain Corrected (RTC) PALSAR FBS:  
R=2006.09.09, G=2006.09.13, B=2006.10.29; DHM25 courtesy Swiss Federal Office of Topography
